A total of 111 pulmonary neuroendocrine tumors comprising 13 typical carcinoids, five atypical carcinoids, 44 large-cell neuroendocrine carcinomas and 49 small-cell carcinomas were immunohistochemically studied for dysregulated cyclin B1 expression and disruption of the Rb/p16/cyclin D1 pathway (Rb pathway), and the results were correlated with tumor proliferation activity and clinical outcome. Overexpression of cyclins B1 and D1, respectively, was detected in no and 15% typical carcinoids, 20 and 20% atypical carcinoids, 84 and 32% large-cell neuroendocrine carcinomas, 84 and 10% small-cell carcinomas. Loss of Rb and p16 expression, respectively, was observed in no and 14% typical carcinoids, no and 40% atypical carcinoids, 49 and 18% largecell neuroendocrine carcinomas, 84 and 8% small-cell carcinomas. In summary, 29% typical carcinoids, 20% atypical carcinoids, 78% large-cell neuroendocrine carcinomas and 93% small-cell carcinomas had Rb pathway aberrations. Rb pathway aberration was mostly attributed to Rb loss in small-cell carcinomas, while p16 loss and/or cyclin D1 overexpression besides Rb loss also played an important role in large-cell neuroendocrine carcinomas, while cyclin D1 overexpression was the only cause of Rb pathway aberration in carcinoid tumors. Thus, both cyclin B1-associated G2/M arrest and Rb-mediated G1 arrest are consistently compromised in highgrade large-cell neuroendocrine carcinoma and small-cell carcinoma, but are generally intact or occasionally altered in carcinoid tumor; the mechanisms involved in Rb pathway aberration among the tumor categories are different, reflecting a genetic divergence among the individual tumor categories. Cyclin B1 expression closely correlated with the Ki-67 labeling index either in the individual tumor categories or overall tumors (Po0.0001, r ¼ 0.742), suggesting that cyclin B1 is one of the key factors regulating cell proliferation in pulmonary neuroendocrine tumors. Neither cyclins B1 and D1, Rb, p16, nor Ki-67 correlated with patient survival in individual tumor categories, suggesting that the prognostic significance of these factors is tumor-type specific.
Altered regulation of the cell cycle is a hallmark of human cancer cells. 1 Tumor suppressors, retinoblastoma gene (Rb) and p53 gene-mediated cell cycle regulations involve a series of cyclins and cyclin-dependant kinases (cdk). Of the various cyclins, cyclin B1 and cyclin D1 are particularly important because the former functions at the G2/M transition and is required for mitotic initiation, 2, 3 and inactivation of cdc2 kinase through p53-induced repression of cyclin B1 is an essential step in the p53-mediated G2/M arrest, 4, 5 while the latter, in a complex with cdk4 and cdk6, acts as initiator of the cell cycle by producing hyperphosphorylation of the Rb protein with resultant evasion of Rbmediated G1 arrest control. 6, 7 The p16 protein negatively regulates the cyclin D-dependant phosphorylation of Rb by replacing cyclin D1 in the cdk-cyclin D1 complex. 1, 7 Pulmonary neuroendocrine tumors embrace a spectrum from low-grade typical carcinoid, intermediate-grade atypical carcinoid to high-grade large-cell neuroendocrine carcinoma and small-cell carcinoma. Aberrant cyclin B1 expression was reported in various tumors and associated with a poorer prognosis in esophageal carcinoma and nonsmall-cell lung carcinoma patients. 8, 9 However, to the best of our knowledge, no data concerning cyclin B1 expression status within the context of pulmonary neuroendocrine tumors are currently available. Furthermore, although overexpression of cyclin D1 and loss of Rb or p16 expression were also reported in various solid tumors, and cyclin D1 overexpression was reported to be of prognostic importance in some tumors, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] aberrations in the Rb/p16/cyclin D1 pathway (Rb pathway) are not yet well characterized in pulmonary neuroendocrine tumors. 20 Thus, the present study was carried out to analyze cyclin B1 and D1 expression status, as well as aberrations in the Rb pathway, and their relationship to tumor proliferation activity and clinical outcomes in a spectrum of pulmonary neuroendocrine tumors.
Materials and methods

Tissue Samples
Formalin-fixed, paraffin-embedded tissue samples of 111 surgically resected pulmonary neuroendocrine tumors from the Kitasato University Hospital, Sagamihara; the National Cancer Center Hospital, Tokyo and the National Cancer Center East Hospital, Kashiwa, Japan were studied. The cases comprised 13 typical carcinoids, five atypical carcinoids, 44 large-cell neuroendocrine carcinomas and 49 small-cell carcinomas diagnosed according to the 1999 World Health Organization criteria, 21 and the histological features of most of our large-cell neuroendocrine carcinomas were detailed in a previous study. 22 
Immunohistochemical Staining
By the standard labeled streptavidin-biotin method, immunostaining was performed using monoclonal antibodies recognizing cyclin B1 (V152, Â 500, Dako, CA, USA), Rb (Rb1, Â 50, Dako, Denmark), p16 (NCL-p16-432, Â 50, Novocastra, UK), cyclin D1 (DCS-6, Â 200, Dako, Denmark) and Ki-67 (MIB-1, Â 100, Dako, Denmark), respectively. For antigen retrieval, the slides were treated in boiling 10 mmol/ l citrate buffer (pH 6.0) for 15 min for cyclin B1, or with an autoclave at 951C for 1 h for cyclin D1, Rb and Ki-67, or at 1211C for 15 min for p16 stainings. After blocking of endogenous peroxidase activity with 3% H 2 O 2 in methanol for 20 min, the sections were incubated at room temperature for 3 h with the individual antibodies, followed by incubation with the link antibodies and finally with the streptavidin conjugated to horseradish peroxidase of an UltraTek kit (ScyTek, Utah, USA) for 30 min. The peroxidase activity was developed with 3,3 0 -diaminobenzidine and the slides were then slightly counterstained with hematoxylin, dehydrated, and mounted.
Assessments of Immunohistochemical Staining
Only nuclear staining was considered specific except for cyclin B1, for which both the nuclear and cytoplasmic stainings were assessed as specific because the cyclin B1 protein is located in the cytoplasm or nucleus during the G2/M transition. Non-neoplastic fibroblasts and endothelial cells in the tumor stroma, as well as pneumocytes of adjacent normal lung tissue, served as internal positive controls for Rb and p16, or as a negative control for cyclin D1 staining. Tonsil tissue was used as positive control for both cyclin B1 and Ki-67 staining. The negative controls also included omission or replacement of the first antibodies with normal swine serum.
Labeling index (LI) of cyclin B1 was defined as the percentage of positively stained tumor cells by counting at least 1000 tumor cells in the fields with an average labeling incidence. Tumors with a Z15% cyclin B1 LI were considered to show cyclin B1 overexpression, as defined in a previous report. 8 Also, at least 1000 tumor cells were counted for evaluation of Ki-67, p16, Rb and cyclin D1 stainings, respectively, and to better understand their expression correlations, the tumor cells located in almost the same fields for cyclin B1 counting were counted on consecutive sections. A tumor was considered positive for p16 if more than 10% of the tumor cells were stained, as defined in a previous report. 12 The Rb immunostaining was judged positive when the majority (480%) of tumor cells had nuclear staining. In the assessment of cyclin D1 staining, the staining distribution was graded as 0, 1, 2, 3 when none, o10%; 10-50% or 450% tumor cells stained, and the staining intensity was graded as 1, 2, 3 when the staining was weak, moderate or strong. A tumor with a staining score (distribution score þ intensity score) of 4 or greater was judged positive for cyclin D1, because so defined cyclin D1 positivity correlated closely with cyclin D1 overexpression/ amplification. 19 
Statistical Analysis
The expression relationships were analyzed with the w 2 -test among Rb pathway factors or with the Student t-test between Rb pathway factors and Ki-67. The difference in cyclin B1 or Ki-67 expression between the individual tumor categories was analyzed by Fisher's exact test. The Pearson correlation coefficient test was used to analyze the strength of association between cyclin B1 and Ki-67 expression. Patient survivals were calculated from the date of surgery, and survival curves were estimated by the Kaplan-Meier method and analyzed with the log-rank test. A P-value of less than 0.05 was considered statistically significant. All analyses were performed with StatView statistical software, version 5.0.
Results
Cyclin B1 Immunostaining
The staining was largely cytoplasmic with a few cells stained in the nucleus (Figure 1m-p) . The typical carcinoids showed a few sporadic positive cells and had an LI of 0.0170.009. Although the atypical carcinoids generally showed more cyclin B1-stained cells than typical carcinoids (P ¼ 0.0037) and had an LI of 0.0870.076, the positive cells were still sporadic. On the other hand, the large-cell neuroendocrine carcinomas and small-cell carcinomas had an LI of 0.23670.091 and 0.22770.089, respectively, and demonstrated many more cyclin B1-positive cells compared with the typical and atypical carcinoids (Po0.0001, respectively). No cyclin B1 LI difference was shown between largecell neuroendocrine carcinomas and small-cell carcinomas (P ¼ 0.6373).
No typical carcinoid, while one (20%) atypical carcinoid, 37 (84%) large-cell neuroendocrine carcinomas and 41 (84%) small-cell carcinomas showed cyclin B1 overexpression (defined as Z15% LI), respectively.
Rb, p16, and Cyclin D1 Immunostaining
Based on the staining status of the internal positive control cells, evaluable information on Rb staining was available in 11 typical carcinoids, five atypical carcinoids, 43 large-cell neuroendocrine carcinomas and 45 small-cell carcinomas (Figure 1a-d) . All typical and atypical carcinoids were positive for Rb, while 21 (49%) large-cell neuroendocrine carcinomas and 38 (84%) small-cell carcinomas showed loss of Rb expression. There was significantly more frequent Rb loss in small-cell carcinomas than in large-cell neuroendocrine carcinomas (P ¼ 0.0008).
Based on the staining status of the internal positive control cells again, interpretable p16 staining results were obtained in seven typical carcinoids, five atypical carcinoids, 38 large-cell neuroendocrine carcinomas and 48 small-cell carcinomas (Figure 1e-h ). Absent p16 staining was observed in one (14%) typical carcinoid, two (40%) atypical carcinoids, seven (18%) large-cell neuroendocrine carcinomas and four (8%) smallcell carcinomas. Although p16 loss was more frequent in large-cell carcinomas than in small-cell carcinomas, the difference was not statistically significant (P ¼ 0.08). There was also no difference in p16 loss incidence between typical and atypical carcinoids (P ¼ 0.3159).
Two (15%) typical carcinoids, one (20%) atypical carcinoid, 14 (32%) large-cell neuroendocrine carcinomas and five (10%) small-cell carcinomas had cyclin D1 staining scores of or greater than 4; thus, these tumors were classed as cyclin D1 positive (Figure 1i-l) . Cyclin D1 expression was significantly more frequent in large-cell neuroendocrine carcinomas than in small-cell carcinomas (P ¼ 0.0098), while no difference was shown between typical and atypical carcinoids (P ¼ 0.1616).
Aberration of the Overall Rb Pathway
Taking the Rb, p16 and cyclin D1 staining results together, six Rb pathway phenotypes were noted in the tumors as detailed in Table 1 . As either loss of Rb or p16 expression, or overexpression of cyclin D1, are considered an aberration of the overall Rb pathway with the Rb þ /p16 þ /cyclin D1 À phenotype as normal, three (43%) typical carcinoids, three (60%) atypical carcinoids, 31 (86%) large-cell neuroendocrine carcinomas and 42 (95%) small-cell carcinomas were judged to have an abnormal Rb pathway phenotype (Table 1) . However, because p16 maintains Rb in a hypophosphorylation-active form through its preferential binding to cdks 4 and 6 to prevent their association with cyclin D1, 1, 7 it is reasonable to deduce that the Rb pathway is functionally intact when p16 is absent but without cyclin D1 overexpression. Thus, two (29%) typical carcinoids, one (20%) atypical carcinoid, 28 (78%) large-cell neuroendocrine carcinomas and 41 (93%) small-cell carcinomas were judged to have practical Rb pathway disruption. Rb pathway aberration was much more frequent in large-cell neuroendocrine carcinoma/small-cell carcinoma than in carcinoid tumor (Po0.0001), while no difference could be found between typical carcinoid and atypical carcinoid (P ¼ 0.9999) or between large-cell neuroendocrine carcinoma and small-cell carcinoma (P ¼ 0.0961) ( Table 1) .
As shown in Table 1 , Rb pathway aberration in small-cell carcinomas was largely attributed to direct loss of Rb expression. Although Rb loss was still the major cause, overexpression of cyclin D1 and loss of p16 expression also accounted for a high percentage of Rb pathway aberration in large-cell neuroendocrine carcinomas. On the other hand, overexpression of cyclin D1 was the only cause of practical Rb pathway abnormality in the carcinoid tumors.
Ki-67 Expression and Its Relationship with Cyclin B1, Rb, p16 and Cyclin D1 Expression
The Ki-67 LI was 0.01370.001 in typical carcinoids, 0.08670.084 in atypical carcinoids, 0.52270.16 in large-cell neuroendocrine carcinomas and 0.54670.113 in small-cell carcinomas, respectively. There was a significantly higher Ki-67 LI in large-cell neuroendocrine carcinomas and small-cell carcinomas than in typical and atypical carcinoids (Po0.0001, respectively), as well as in atypical carcinoids compared to typical carcinoids (P ¼ 0.0054), while no difference could be found between large-cell neuroendocrine carcinomas and small-cell carcinomas (P ¼ 0.4031).
In individual tumors, Ki-67-postive cells generally paralleled cyclin B1-labeled cells in numbers and distributions on consecutive sections, although there were generally more Ki-67-positive cells than cyclin B1-stained cells (Figure 1q-t) . Statistical analyses also revealed a close correlation between Ki-67 and cyclin B1 expression either in the individual tumor categories or in the overall tumors (Po0.0001, r ¼ 0.742) (Figure 2 ). Ki-67 expression correlated with p16 expression in carcinoid tumors (Po0.01), but not in small-cell carcinomas or in large-cell neuroendocrine carcinomas. Although there was also a significantly higher Ki-67 LI in Rb-negative than in Rb-positive tumors within the overall tumors (Po0.01), as could be expected, it was apparently due to the fact that all Rb-negative tumors were high-grade tumors, large-cell Figure 1 Representative Rb (a-d), p16 (e-h), cyclin D1 (i-l), cyclin B1 (m-p) and Ki-67 (q-t) immunostaining results. Nuclear Rb staining and p16 staining in most tumor cells of typical carcinoid (a, e) and atypical carcinoid (b, f), and completely absent Rb staining or p16 staining in the tumor cells of large-cell neuroendocrine carcinoma (c, g) and small-cell carcinoma (d, h), and note the positive staining in the stromal fibroblasts (arrow). Representative nuclear staining of cyclin D1 in typical carcinoid (i), atypical carcinoid (j), large-cell neuroendocrine carcinoma (k) and small-cell carcinoma (l). There are many more cyclin B1-stained cells and Ki-67-labeled cells in largecell neuroendocrine carcinoma (o, s) and small-cell carcinoma (p, t) than in typical carcinoid (m, q) and atypical carcinoid (n, r), as well as in atypical carcinoid than in typical carcinoid. Although there are generally more Ki-67-labeled cells than cyclin B1-stained cells in individual tumors, note the general tendency of a parallel between cyclin B1-postive cells (m-p) and Ki-67-labeled cells (q-t) in number and distribution on consecutive sections.
Cyclin B1 and Rb pathway in pulmonary NE tumor T Igarashi et al neuroendocrine carcinoma and small-cell carcinoma. No correlation could be found between Ki-67 and Rb expression in the individual tumor categories. Ki-67 expression and cyclin D1 expression did not correlate with each other either in the individual tumor categories or in overall tumors (Po0.37).
Survival Analysis
All the typical carcinoid patients survived, while two atypical carcinoid, 20 large-cell neuroendocrine carcinoma and 20 small-cell carcinoma patients succumbed to their diseases, respectively. Owing to the fact that the vast majority of tumors with high 
Discussion
The spectrum of pulmonary neuroendocrine tumors embraces typical carcinoid, atypical carcinoid, large-cell neuroendocrine carcinoma and small-cell carcinoma, with typical carcinoid and small-cell carcinoma representing the two extremes of malignancy. 21, 23 Repeated studies have shown that carcinoid tumors were genetically divergent from high-grade large-cell neuroendocrine carcinoma and small-cell carcinoma, and had no, or only occasional, genetic events such as p53 mutation and Rb inactivation. 13, 14, [24] [25] [26] [27] [28] In the present study, we demonstrated for the first time that cyclin B1 overexpression was also a very frequent event in high-grade neuroendocrine tumors and was found in most (84%) large-cell neuroendocrine carcinomas and small-cell carcinomas, while no typical carcinoid and only one (20%) atypical carcinoid overexpressed cyclin B1, indicating that regulation of cyclin B1 expression and G2/M arrest are consistently compromised in high-grade pulmonary neuroendocrine tumors, but are intact in typical carcinoid or only occasionally compromised in atypical carcinoid. The high frequency of cyclin B1 dysregulation in both the large-cell neuroendocrine carcinoma and small-cell carcinoma may reflect a similar alteration in cell cycle regulation at the G2/M transition, despite their distinct morphologies.
Studies have shown that p53 also controls the G2/ M checkpoint besides its key role in G1 arrest, and Cyclin B1 and Rb pathway in pulmonary NE tumor T Igarashi et al inactivation of cdc2 kinase through repression of cyclin B1 is an essential step in p53-mediated G2/M arrest. 4, 5 It was well documented that the majority of large-cell neuroendocrine carcinoma and small-cell carcinoma harbored p53 abnormalities, while p53 was almost intact in carcinoid tumor. [24] [25] [26] [27] Thus, it is very likely that the frequent cyclin B1 overexpression in high-grade pulmonary neuroendocrine tumors results from their frequent p53 alterations with consequent loss of p53-mediated cyclin B1 repression.
In the present study, practical Rb pathway aberration was observed in 29% typical carcinoids, 20% atypical carcinoids, 78% large-cell neuroendocrine carcinomas and 93% small-cell carcinomas, in keeping with the results of a recent study. 20 These results together demonstrate that Rb pathwaymediated G1 arrest is also frequently compromised in large-cell neuroendocrine carcinoma and smallcell carcinoma, but is rarely affected in carcinoid tumor. Loss of Rb or p16 or overexpression of cyclin D1 accounts for Rb pathway aberrations in large-cell neuroendocrine carcinoma/small-cell carcinoma, while cyclin D1 overexpression is the only cause of Rb pathway aberration in carcinoid tumor.
Despite their quite different morphologies, largecell neuroendocrine carcinoma and small-cell carcinoma share many genetic alterations such as frequent p53 mutation, Rb inactivation and dysregulated bcl-2 expression. 13, 14, 25, [27] [28] [29] On the other hand, divergence in chromosomal aberrations was also observed between them, 30 and the specific genetic alterations for either large-cell neuroendocrine carcinoma or small-cell carcinoma remain to be further characterized. In the present study, both large-cell neuroendocrine carcinoma and small-cell carcinoma showed almost equally frequent Rb pathway aberration. However, the mechanisms involved in Rb pathway aberration were distinct between them. Direct Rb loss was much more frequent in small-cell carcinoma than in large-cell neuroendocrine carcinoma (Po0.008), while cyclin D1 overexpression was much more common in the latter (Po0.0001). There was also an obvious tendency for more frequent p16 loss in large-cell neuroendocrine carcinoma than in small-cell carcinoma (Po0.08). These results might reflect a genetic difference between large-cell neuroendocrine carcinoma and small-cell carcinoma, and a similarity between large-cell neuroendocrine carcinoma and non-small-cell lung carcinoma. 15, [31] [32] [33] Ki-67 is a well-established marker of cell proliferation activity and its expression is not phase specific in the cell cycle. In the present study, the mean proliferation rate determined by Ki-67 LI was 1.3, 8.6, 52.2 and 54.6% in typical carcinoids, atypical carcinoids, large-cell neuroendocrine carcinomas and small-cell carcinomas, respectively. Both large-cell neuroendocrine carcinomas and smallcell carcinomas demonstrated significantly higher proliferation activity than typical and atypical carcinoids (Po0.0001), and the same was true for atypical carcinoids than typical carcinoids (Po0.01), while there was no significant difference in Ki-67 expression between large-cell neuroendocrine carcinomas and small-cell carcinomas (P ¼ 0.4031), in keeping with previous studies. 34, 35 These results reflect the low-grade biological features of typical carcinoid, the less aggressive behavior of atypical carcinoid and the highly malignant nature of large-cell neuroendocrine carcinoma and small-cell carcinoma.
Correlations of varying degrees between cyclin B1 and Ki-67 expressions were observed in some tumors, including non-small-cell lung carcinoma, 8, 36 while no correlation was found in others. 37 In the present study, Ki-67-positive cells generally paralleled cyclin B1-stained cells in individual tumors on serial sections, and statistical analysis also demonstrated a very close correlation between cyclin B1 and Ki-67 expressions either in the individual tumor categories or overall tumors (Po0.0001, r ¼ 0.742), suggesting that cyclin B1 is one of the key factors regulating cell proliferation in pulmonary neuroendocrine tumors, and that aberrant cyclin B1 expression may be critical for promoting cell cycle progression and unrestrained tumor cell proliferation. A recent study showed that Ki-67 played a role in the disintegration and reformation of nucleolus, and thereby in entry into and exit from the Mphase of the cell cycle depending on cyclin B1 expression. 38 Either loss of Rb or p16, or overexpression of cyclin D1 correlated with an increased proliferation fraction in some tumors, 17, 33 while no such correlation was seen in others. 39, 40 Significantly higher Ki-67 LI was observed in Rb-negative than in Rbpositive tumors within the overall tumors in the present study. As expected, it was apparently due to the fact that all Rb-negative tumors were high-grade tumors, large-cell neuroendocrine carcinoma and small-cell carcinoma. No correlation between Ki-67 and Rb expressions could be found within the individual tumor categories. p16 expression correlated with Ki-67 expression in carcinoid tumors, but not in large-cell neuroendocrine carcinomas or small-cell carcinomas. However, due to the very small number (three cases) of p16-negative carcinoid tumors, the significance of this correlation remains to be further studied based on larger samples. Cyclin D1 overexpression did not correlate with tumor proliferation activity in either the individual tumor subtypes or the overall tumors.
Overexpression of cyclin B1 or D1, or loss of Rb or p16, correlated with shortened survival in some tumors, including non-small-cell lung carcinoma, [8] [9] [10] 18, 36 while other studies showed no influence on patient survival. 15, 32, 39, 40 It was also reported that cyclin D1 overexpression was a favorable prognostic factor in non-small-cell lung carcinoma. 16 In the present study, none of these factors correlated with patient survivals within the individual tumor categories, suggesting that their prognostic significance is tumor-type specific.
In summary, the present study demonstrated, for the first time, that cyclin B1 expression is very frequently dysregulated in high-grade pulmonary neuroendocrine tumor, but is intact in typical carcinoid or only occasionally compromised in atypical carcinoid, and that cyclin B1 is one of the critical key factors regulating cell proliferation in pulmonary neuroendocrine tumors. Rb pathway disruption is also a common event in high-grade pulmonary neuroendocrine tumor, but occurs only occasionally in carcinoid tumor; the mechanisms involved in Rb pathway disruption in large-cell neuroendocrine carcinoma and small-cell carcinoma, as well as in carcinoid tumor, are different. Neither overexpression of cyclins B1 and D1, nor loss of Rb or p16 influences the survival of patients within the individual categories of pulmonary neuroendocrine tumors.
